INTRODUCTION
The assessment of re hazards in chemical and pesticide storage areas and warehouses is based on both the determination of the material combustion thermal data and the identi cation of the toxic emissions from combustion gases.
The combustion thermal data are the input data required by re simulation software to estimate the consequences of industrial res. These combustion thermal data include the determination of the mass of product burnt, the experimental heat of combustion, the combustion ef ciency, the burning mass ux, the ratios of convection and radiant heat, the ame height and ame temperature 1, 2 .
The simulation of large industrial res provides information on the thermal effects of the accidental re on adjacent equipment and on the protection needed to prevent the re from spreading.
Large industrial res are also source terms for modelling atmospheric dispersion of volatile toxic combustion products. The input data to atmospheric dispersion models are combustion chemical data including the production of the combustion gases CO 2 , CO, HCN, NO 2 , NO, SO 2 , HCl and HBr, depending on the composition of the burning material. Also necessary is the determination of the chemical yield for the combustion of the chemical elements present in the burning material formula: carbon, nitrogen, sulphur, chlorine, uorine, bromine (if any) 3 .
The thermal and chemical data characterizing the combustion of chemicals and pesticides can only be obtained using a bench-scale apparatus, due to the great number of experiments to be performed on a wide range of products.
Such a combustion calorimeter was developed by A. Tewarson at Factory Mutual Research Corporation in the USA in the 1970s 4 . A modi ed and computerized version of the Tewarson apparatus was built at the Rhô ne-Poulenc Décines Centre to study the combustion of plastics, fabrics, chemicals and pesticides on 30 g samples. This new experimental set-up is described in the following section, with special attention paid to the improvement of the original design.
DESCRIPTION OF THE MODIFIED TEWARSON COMBUSTION CALORIMETER
The modi ed Tewarson combustion calorimeter built at Décines is shown in Figure 1 . The experimental set-up may be divided into four sections:
(1) The lower part of the apparatus is the combustion chamber-section A in Figure 1 .
The combustion chamber consists of an upright cylindrical quartz tube 0.16 m in diameter and 0.49 m high. In this combustion chamber, a 30 g sample in a 0.1 m diameter glass dish is placed on the plate of a balance to measure the sample weight during combustion experiments.
An external heat ux is applied to the combustion chamber by eight infrared heaters in an air-ushed jacket, allowing the sample to be heated to a temperature where its vapours or fumes can be ignited by an ignition source. The maximum external heat ux applied to the combustion chamber is 30 kW m -2 . Ignition of the sample by an electric spark was preferred to the original pilot-ame ignition source, to avoid additional heat input and combustion gases to the experiments.
Ignition of the sample is obtained without application of an external heat ux if the sample is ammable under ambient temperature. If not, an external heat ux is applied to raise the sample temperature until ignition is obtained.
If combustion is self-sustained, the sample is allowed to burn without application of an external heat ux. If not, an external heat ux is applied to allow combustion, in which case the radiant heat ux cannot be measured. Preliminary experiments are necessary to choose the most suitable operating conditions.
A permanent air ow of 5 m 3 h -1 is blown into the bottom of the combustion chamber through a glass sphere bed to obtain homogeneous inlet gas composition and a regular air stream.
The inlet air is under ow control and its oxygen concentration may be varied by adding oxygen or nitrogen to the air ow. The combustion air composition is measured by a continuous oxygen analyser during experiments.
Calibration of the external heat input to the sample is achieved by replacing the sample holder by a heat ux meter. The heat ux received by the sample is measured as a function of the power input to the infrared heaters. This calibration allows the compensation for the infrared heater aging by an increased electric power supply to the external heating device. For samples exhibiting self-sustained combustion, the radiant heat ux released during combustion is measured using a heat ux meter. The heat ux meter is positioned at ame mid-height, at 0.2 m distance from the combustion chamber axis and directed toward the ame.
The radiant heat ux released during the sample combustion as a function of time is estimated assuming a spherical distribution of the radiant heat ux around the ame centre. The reference area for the estimation of the radiant heat ux is that of the glass dish.
(2) The intermediate part of the apparatus is the dilution shaft-section B in Figure 1 .
The dilution shaft is an upright Te on cylinder 0.1 m in diameter and 0.6 m high intended to dilute and mix the ow of combustion gases and smoke with air. Te on was preferred to stainless steel, to avoid soot deposits which could absorb contaminants such as HCl, HCN and dioxins. The dilution air inlet ow to the dilution shaft is controlled by the exhaust fan mass ow rate of 70 kg h -1 .
The aim of diluting the combustion products is to avoid losses of volatile combustion products by condensation or leaks, while limiting the dilution ratio to keep the oxygen concentration analysis accurate and controlling heat losses from combustion products. Mixing of combustion products with dilution air is achieved by the convergent nozzle at the bottom of the dilution shaft.
At the top of the dilution shaft, the smoke temperature is measured by a thermocouple and the gas ow is sampled for continuous on-line analysis.
The convection heat ux is deduced from the smoke Continued on next page temperature and smoke exhaust mass ow rate. The reference area for the convection heat ux is that of the glass dish. The on-line analysis of the diluted smoke includes the determination of O 2 , CO, CO 2 , SO 2 and NO x . This is achieved after passing the gas sample over a lter and a desiccant. Other analyses are performed after absorption of the gas on a Draeger tube followed by mass spectrometer analyses or after absorption on resins followed by gas chromatography.
(3) The upper part of the Tewarson apparatus is the smoke chamber-section C in Figure 1 .
This device, intended to measure the optical density of smoke, is equipped with an external photoelectric system to measure the optical density in an upright stainless steel cylinder 0.1 m in diameter and 0.3 m high, extending the combustion shaft. The smoke chamber exit is connected to the exhaust fan inlet. The fan ow control principle is shown in Figure 1 . The fan volumetric ow rate is adjusted taking into account the smoke temperature to obtain a constant mass ow rate of exhaust gases.
(4) Data acquisition and processing system. This section includes a CHESSEL recorder/converter and a graphic data treatment allowing display of the variation of the measured parameters as a function of time. A test result sheet is produced, giving the most important test characteristics and results.
EXPERIMENTAL RESULTS
To date, up to 100 products have been studied using the modi ed Tewarson apparatus. An overview of the results obtained from well-known chemicals and pesticides is given in tables where the following data are listed:
· Gross chemical formula · Molecular weight (kg kmole -1 ) · External heat ux applied (kW m -2 ) · Initial sample mass (g) · Mass fraction of product burnt (%) · Net calori c value (kJ kg -1 ) · Heat of combustion per kg of product burnt (kJ kg -1 ) · Chemical yield for the conversion of chlorine into HCl (%) (i.e., the ratio of the chlorine contained in the HCl produced by 1 kg sample to the chlorine present in that 1 kg sample.) · Maximum ame height (cm) · Maximum ame temperature (°C) · Speci c extinction area (m 2 kg -1 ) (i.e., the surface darkened by 1 kg of fuel, deduced from the measured optical density.)
The detailed calculation methods for the combustion heat, convection and radiant heat, opacity of smokes and other parameters are given in Reference 5 and are not reproduced in the present paper. The total combustion heat was deduced from the oxygen depletion during combustion according to Thornton 6 and Huggert 7 . The convection heat is the heat carried out in the gas plume over the combustion chamber. The radiant heat is measured using a heat ux meter. Table 1 gives combustion data for some chemicals and solvents. Table 2 gives combustion data for some pesticides.
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COMBUSTION PROPERTIES AS A FUNCTION OF TIME
In addition to integral combustion data deduced from experiments, dynamic and time-dependent properties are also obtained from combustion experiments performed in the modi ed Tewarson apparatus.
As an example, a set of time-dependent combustion properties obtained using the modi ed Tewarson combustion calorimeter is given below, concerning the combustion of a 33.6 g sample of 50% wt solution of adiponitrile in methanol. The sample was ammable under ambient temperature and could be readily ignited by an electric spark. The sample combustion was self-sustained and did not require any external heat input to proceed.
The sample mass loss during combustion was recorded as a function of time (see Figure 2 ).
The combustible mass ux consumed as a function of time was deduced from the derivative of the sample mass loss as a function of time. The reference area for the combustible mass ux is that of the glass dish (see Figure 3) .
The sample temperature measured in the glass dish during combustion is given as a function of time in Figure 4 . The ame temperature as a function of time is given in Figure 5 . The combustion heat ux, convection heat ux and radiant heat ux measured during the sample combustion are shown in Figures 6, 7 and 8. The reference area for the heat uxes is the glass dish area.
The mass uxes for the production of CO 2 and NO during combustion are shown in Figures 9 and 10 . Again, the reference area for the mass uxes is that of the glass dish.
In the example considered, combustion proceeds in two separate steps. In the rst step, methanol is burning, exhibiting high CO 2 and low NO production, high combustion mass ux, high convection heat ux and low radiant heat ux. The ame temperature is high and the sample temperature is low, as is the sample boiling point.
In the second step, reached after 400 seconds of combustion, adiponitrile is burning, exhibiting a lower constant combustion mass ux, high NO production,lower constant convectionheat ux, higher radiant heat ux and higher sample temperature as the remaining sample boiling point is rising.
The results of this combustion experiment show that methanol and adiponitrile burn separately in the mixture and that the most volatile component, methanol, burns rst.
This example, chosen for convenience, shows that combustion may present complex phenomena which can only be observed using a bench-scale apparatus such as the modi ed Tewarson combustion calorimeter.
The routes obtained in an experiment help us to understand the sample combustion behaviour and provide the data necessary for computer simulation of large industrial res.
INFLUENCE OF THE CHEMICAL FORMULA ON THE COMBUSTION THERMAL DATA
The experimental results obtained from the chemicals and pesticides studied in the modi ed Tewarson apparatus show that combustion thermal data are in uenced by the chemical formula. For the most useful combustion characteristics used as input data for the simulation of large industrial res-i.e., the combustion thermal ef ciency, the chemical yield for the conversion of carbon and the ratio of radiant heat, which were de ned in the previous section-recommended speci c values can be deduced from the experimental results obtained from the different types of chemicals. A summary of the thermal data suggested is given in Table 3 for aliphatic derivatives, in Table 4 for C, H, O, N aromatic and unsaturated cyclic compounds and in Table 5 for miscellaneous organic compounds including chlorinated and uorinated organic compounds.
The combustion thermal data in Tables 3, 4 and 5 may be used as a rst estimate in re simulation software such as the POOL 2 program in the absence of speci c experimental data.
INFLUENCE OF THE FUEL CHEMICAL FORMULA ON THE TOXIC EMISSIONS FROM FIRES
The combustion chemical data obtained in the modi ed Tewarson apparatus can be used to estimate the chemical yield for the conversion of nitrogen, sulphur, chlorine and uorine during combustion. This allows the prediction of missing data for chemical compounds which have not yet been studied in combustion experiments. As an example, the chemical yield for the conversion of chlorine into HCl during the combustion of chlorinated organic compounds was studied on a selection of 25 chlorinated organic derivatives. Table 6 summarizes the results. The data can be used as a rst estimate of the chemical yield for the conversion of chlorine into HCl, to replace missing data on speci c chemical compounds for which no experimental data is available. The chemical yields for the conversion of hetero atoms are input data to atmospheric dispersion models.
The de nition of the chemical yield for the conversion of chlorine in Table 6 is given in Chapter 3 above.
CONCLUSION
The modi ed Tewarson apparatus is a useful experimental set-up for studying the combustion of chemicals and pesticides. To date, this apparatus has been used to investigate more than 100 different chemicals and pesticides. The thermal and chemical data obtained were used as input data for computer simulation of large industrial res and for atmospheric dispersion calculations to evaluate the toxic impact of industrial res.
The modi ed Tewarson apparatus is also a valuable tool for comparing the combustion behaviour of plastics, resins and fabrics while determining the nature of the combustion products. It was used as a bench-scale apparatus in the STEP European Programme to study res and their consequences, in the MISTRAL 1 Programme. The partners associated with this European programme are:
· CEA/IPSN (France); · CISI (France); · CNRS/LCRS (France); · ENEA/AEAS (Italy); · ISSEP (Belgium); · Rhône-Poulenc Industrialisation (France); · University of Aveiro (Portugal); · University of Poitiers (France).
Other partners who joined this project in the course of the programme are:
· EDF/CLI (France); · INERIS (France).
It was shown in the course of the project that the modi ed Tewarson apparatus was a key item in investigating the consequences of large chemical res on a wide range of chemicals and pesticides.
